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EXECUTIVE SUMMARY

The Automotive Collision Avoidance System Field Operational Test (ACAS/FOT) is a
cooperative agreement between General Motors and the U.S. Department of
Transportation National Highway Transportation Administration. The goal of the
ACAS/FOT is to advance the science of collision warning by conducting an extensive
Field Operational Test (FOT) to assess the impact of an integrated Forward Collision
Warning (FCW) and Adaptive Cruise Control (ACC) system. Under the agreement,
General Motors and Delphi-Electronics Systems (DDE) are working as a team to refine
and integrate the required technologies necessary to conduct the FOT. The U.S. DOT,
General Motors, DDE and Delphi-Chassis Systems (DCS) are each providing funds for
the execution of the project.

The ACAS FCW system is designed to provide visual and audible warnings to a driver if
it detects an imminent crash with the rear end of another vehicle. It also provides visual
cues to help the driver maintain a safe distance when following other vehicles. The
ACAS ACC system is a driving comfort and convenience feature that maintains a set
speed when there is no impeding traffic, and that will reduce the speed to maintain a
selected time headway when slower moving traffic impinges upon the path of the vehicle.

During the field operational test, lay drivers will use vehicles equipped with the ACAS
functions as their personal vehicles, unrestricted and unsupervised, for four weeks each.
Extensive subjective and quantitative data will be collected to help determine driver
acceptance and the impact of the system on driving safety.

Summary of Phase 1

Phase 1 of the ACAS/FOT program ran from June 1999 through December 2001. During
Phase 1 the technical approach for the ACAS system was implemented and integrated
into a Prototype vehicle. Previous projects had determined that a major limitation on the
performance of ACC and FCW systems was errors in selecting which vehicles were in
the path of the host vehicles. The errors were found particularly when the curvature of
the road was changing, such as at the transition from straight to curved or from curved to
straight road segments. Therefore, much of the technical effort in the ACAS/FOT
program addresses this problem. Figure 4 shows a functional breakdown of the ACAS
system. At the top are four separate functions used to estimate the geometry of the road
ahead of the vehicle.

Results of these road geometry estimates are combined by the Data Fusion function to
produce a best estimate of the road geometry ahead of the vehicle. The road geometry
estimate produced by the Data Fusion function is used by the Target Selection process to
determine which objects detected by the radar are in the path of the vehicle.

The closest in-path movable target (i.e. moving or previously seen moving by the radar)
is used by the ACC to control the speed of the vehicle. In the ACAS vehicles, the ACC
can control both the throttle and the brakes. The maximum braking authority of the ACC
s 0.3g.
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Figure 1: Functional Flow of the ACAS System

All in-path targets are used by the Threat Assessment function to control the FCW
output.

The Driver Vehicle Interface (DVI) function includes control of the head-up display.
This display shows the vehicle speed, warning icons, and status information. The DVI
also includes buttons to control the ACC, the alert timing (sensivity setting) of the FCW,
and the brightness and position of the HUD image.

During the Phase 1 of the program the various subsystems were refined using five
engineering development vehicles (EDV). The subsystems were then integrated into a
single Prototype vehicle. The Prototype vehicle integrated all the required ACAS
functionality but without the packaging necessary to look like a production vehicle.
Successful completion of verification of the Prototype Vehicle satisfied a major
requirement for proceeding with Phase 2 of the ACAS/FOT program.

Summary of Accomplishments during 2002

This report, the ACAS/FOT Third Annual Report covers accomplishments during
calendar year 2002, the first year of Phase 2 of the program.

During March and April of 2002 the Prototype Vehicle was used in the Stage 2 Pilot
testing. Twelve laypersons, accompanied by a researcher, drove the ACAS Prototype
vehicle three times each around a defined 58-mile route for a total of 2045 miles. During
and after the drives, extensive quantitative and subjective data was collected.
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The test data showed a relatively high rate of imminent alert production during all driving
in which the ACAS function was enabled. A detailed breakdown showed that alerts
occurred almost exclusively on surface streets and when driving manually, with ACC
disengaged. The alerts were split about evenly between moveable targets and stationary
targets. The results of this test highlighted the need for refining aspects of ACAS
performance, given subjective observations by the drivers, as well as, results from the
quantitative data. The general view of the project team was that the overall rate of
imminent alert occurrence was at least twice too high for a successful FOT.

A major set of changes ensued, impacting every function shown in Figure 4. These
improved the quality of the images on the head-up display, the way information is
presented to the driver on the display, improved the feel of the ACC, and reduced the
number of alerts from the FCW, particularly while driving on surface streets.

The improvements were incorporated into two Pilot vehicles. These vehicles included
the functionality demonstrated in the Prototype vehicle, with the improvements to the
hardware and software, along with the added feature that the packaging meets the size
and appearance required for the FOT. Verification testing of the Prototype vehicles was
completed in October 2002.

During November 2002, the Pilot Vehicles were used to perform another round of trials
with laypersons accompanied on the same prescribed route. Six of the laypersons who
participated in the Stage 2 Pilot Tests also participated in the Stage 2.5 Pilot Tests. Each
subject drove the prescribed route twice, once during the day and once after dark. The
purpose of the repeat testing was to confirm that changes to the ACAS design had been
accomplished successfully. This was confirmed and the decision was made to proceed
early in 2003 into the Stage 3 “FOT dress-rehearsal” test (where subjects will be given
the vehicles for several days to use as their personal vehicle) as a final step before
launching the formal FOT.

By the end of December 2002, ten of the eleven deployment vehicles had been
assembled. During 2003, the last of the deployment vehicles will be assembled and the
two prototype vehicles will be brought to the same configuration, providing a total of
thirteen vehicles. Ten of these vehicles will be provided to UMTRI for use in the FOT.
GM, Delphi, and NHTSA will each receive one of the remaining vehicles for testing.

The full dress rehearsal of the FOT will be executed in 2003. During these tests six
subjects will each use the vehicles for several days. Once the data from these six subjects
is analyzed, the program will proceed with execution of the FOT, which will end in
December 2003. Data analysis and a final report will then be produced during 2004.
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1 INTRODUCTION

The Automotive Collision Avoidance System Field Operational Test (ACAS/FOT) is a
cooperative agreement between General Motors and the U.S. Department of
Transportation National Highway Transportation Administration. The goal of the
ACAS/FOT is to advance the science of collision warning by conducting an extensive
Field Operational Test (FOT) to assess the impact of an integrated Forward Collision
Warning (FCW) and Adaptive Cruise Control (ACC) system. Under the agreement,
General Motors and Delphi-Electronics Systems(DDE) are working as a team to refine
and integrate the required technologies necessary to conduct the FOT. The U.S. DOT,
General Motors, DDE and Delphi-Chassis Systems (DCS) are each providing funds for
the execution of the project).

The ACAS FCW system is designed to provide visual and audible warnings to a driver if
it detects an imminent crash with the rear end of another vehicle. It also provides visual
cues to help the driver maintain a safe distance when following other vehicles. The
ACAS ACC system is a driving comfort and convenience feature that maintains a set
speed when there is no impeding traffic, and that will reduce the speed to maintain a
selected time headway when slower moving traffic impinges upon the path of the vehicle.

During the field operational test, 78 lay drivers will use vehicles equipped with the
ACAS functions as their personal vehicles, unrestricted and unsupervised, for four weeks
each. Extensive subjective and quantitative data will be collected to help determine
driver acceptance and the impact of the system on driving safety.

Phase 1 of the ACAS/FOT program ran from June 1999 through December 2001 (see
Figure 1). During the first phase of the program various subsystems were refined using
five engineering development vehicles (EDV). The subsystems were then integrated into
a single Prototype vehicle. The Prototype vehicle integrated all the required ACAS
functionality but without the packaging necessary to look like a production vehicle.
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This annual report covers accomplishments during calendar year 2002, the first year of
Phase 2 of the program. During 2002 two Pilot vehicles were completed. These vehicles
included the functionality demonstrated in the Prototype vehicle with the added feature
that the packaging meets the size and appearance required for the FOT. Verification
testing of the Prototype vehicles was completed in October 2002. By the end of
December 2002, ten deployment vehicles had been assembled. During 2003, the last of
the eleven deployment vehicles will be assembled and the two prototype vehicles will be
brought to the same configuration, providing a total of thirteen vehicles. Ten of these
vehicles will be provided to UMTRI for use in the FOT. GM, Delphi, and NHTSA will
each receive one of the remaining vehicles for testing.

In addition to technology development and testing, during 2002 the protocols and
procedures for handling the lay subjects in the FOT were developed and tested. This
included trials where professionals drove the vehicles (Stage 0 and Stage 1 in Figure 3)
and trials with lay subjects accompanied by a researcher (Stage 2 and Stage 2.5).

Engineerin :
Devgelo mer% ¢ Prototype| | Pilot Deployment
P Vehicle Vehicles Vehicles
Vehicles
v X
Verification Verification Verification
Tests Tests Tests
UMTRI
J Pilot Tests
Stage 0 Stage 1 Stage 2 Stage 2.5 Stage 3 FOT
Professionals Accompanied Unaccompanied
Laypersons Laypersons

Figure 3: System Verification and Testing

A full dress rehearsal of the FOT will occur during the Stage 3 tests that will be executed
in 2003. During these tests six subjects will each use the vehicles for four days. Once
the Stage 3 data is analyzed, the program will proceed with execution of the FOT, which
will end in December 2003. Data analysis and a final report will then be produced during
2004.
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1.1 Technical Approach

During previous projects it was determined that a major limitation on the performance of
ACC and FCW systems was errors in selecting which vehicles were in the path of the
host vehicles, particularly when the curvature of the road was changing, such as at the
transition from straight to curved or from curved to straight road segments. Therefore,
much of the technical effort in the ACAS/FOT program addressed this problem. Figure 4
shows a functional breakdown of the ACAS system. At the top are four separate
functions used to estimate the geometry of the road ahead of the vehicle. The
conventional method is to use only a yaw rate sensor. The yaw rate, along with the
vehicle speed, indicates the curvature of the road at the current location of the vehicle.
However, the accuracy of this information in predicting roadway geometry breaks down
when lane changes are made and at the transition between straight and curved segments
of roads.

Radar-Track Yaw-Rate

Based | e
Road-Geometry Road-Geometry ~>eometry >eometry
. . . . Estimation Estimation

Estimation Estimation
| | : |
Data Fusion «— Vision-Based
Lane-Position
l & Heading
. — Estimation
Radar :[ Target Selection }
v }
/ ACC Vehicle Threat Assessment

Controls |

Vehicle Sensor &
Input/Output Functions

v

Driver-Vehicle
Interface Function

Figure 4: Functional Flow of the ACAS System

To complement the yaw-rate based road geometry estimate, the ACAS system includes
other approaches that can predict changes in the curvature of the road before the vehicle
reaches them. One method uses a digital map and a GPS receiver to augment the speed
and yaw-rate sensors. The vehicle’s position and direction of travel reported by the GPS
receiver are used to determine the vehicle’s position on the map. The road geometry
indicated by the map is then used to predict the road geometry ahead of the vehicle.

Another approach uses video cameras placed near the rear-view mirror, looking forward
through the windshield. A vision system finds the lane markings in the video images and
uses them to estimate the road geometry.
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The last method uses the tracks of other vehicles detected by the radar. These are
analyzed to determine if there is a pattern followed by the vehicles ahead indicating the
curvature of the road ahead.

Results of these road geometry estimates are combined by the Data Fusion function to
produce a best estimate of the road geometry ahead of the vehicle. The road geometry
estimate produced by the Data Fusion function is used by the Target Selection process to
determine which objects detected by the radar are in the path of the vehicle.

The closest in-path movable target (i.e. moving or previously seen moving by the radar)
is used by the ACC to control the speed of the vehicle. In the ACAS vehicles, the ACC
can control both the throttle and the brakes. The maximum braking authority of the ACC
is 0.3g.

All in-path targets are used by the Threat Assessment function to control the FCW
output.

The Driver Vehicle Interface (DVI) function includes control of the head-up display.
This display shows the vehicle speed, warning icons, and status information. The DVI
also includes buttons to control the ACC, the alert timing (sensivity setting) of the FCW,
and the brightness and position of the HUD image.

1.2 Project Organization

The ACAS/FOT project is organized into six major tasks, most of which include several
major subtasks. The major tasks are:

Task A — Systems Integration

Task B — Subsystem Development (Hardware)

Task C — Subsystem Processing Development (Software)
Task D — Fleet Vehicle Build

Task E — Field Operational Test

Task F — Program Management

The remainder of this report covers the work done under each of these major tasks in
2002.
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2 SYSTEM INTEGRATION (TASK A)

The ACAS Team has been developing processes to ensure that a robust, safe vehicle is
provided for the field operational test. Task A consists of the following Subtasks, which
are discussed in this Section.

Functional Description (Task Al)

System Architecture/Mechanization (Task A2)
Interface Management (Task A3)

System Verification (Task A4)

Risk Management Plan (Task AS)

Nk W =

Milestones and Deliverables for Task A are summarized below. (Figure 6 at the end of
Section 0 illustrates the overall schedule for Task A.

2.1 Functional Description (Task A1)

Objectives
The purpose of this Subtask was to:
1. Define the system functional requirements
2. Allocate system functional requirements to subsystems and components

Approach

The approach for this task is based on the work of Hatley-Pirbhai [Strategies for Real-
Time System Specification, 1988, Doerst House Publishing Co.] System Requirement,
Architecture and Specification models are developed using the Process Model (Data
Context Diagram and Data Flow Diagram) and the Control Model (Control Context
Diagram and Control Flow Diagram).

Work Accomplished and Research Findings

No recent accomplishments have resulted from this task.

Plans through June 2003
This work is complete. No changes are anticipated.
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2.2 System Architecture/Mechanization (Task A2)

Objectives

Main objectives of this Subtask was to:
1. Partition the system into subsystems and components
2. Allocate functional requirements to the subsystems and components
3. Designate interfaces among the subsystems and components

Approach

The total vehicle, with all its embedded systems, is considered as one super system. All
ACAS functional requirements must fit and be allocated to a well-defined physical
structure, interconnected by communication buses with appropriate protocols meeting
safety, maintainability, and reliability requirements.

Work Accomplished and Research Findings

Figure 5 shows the physical architecture, subsystems and components of the system with
connections and buses between the processors. This mechanization provides the top-
level hardware required for the Pilot and Deployment Vehicles and the flow and sources
of information from and for each physical box (block). This diagram has been updated
from that presented for the Prototype Vehicle.
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— DCS
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) . Host Path
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Figure S: Pilot and Deployment Vehicle System Block Diagram & Mechanization
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Plans through June 2003
This work is complete and we foresee only minor changes in the future.

2.3 Interface Management (Task A3)

Objectives

The main objective of the Interface Management Task is to ensure that subsystems or
components developed independently satisfy the prescribed requirements and operate
according to the specifications and in adherence with the communication protocol when
connected as a system.

Approach
To ensure subsystem interface compatibility and trace ability, a systematic approach was
followed. First, the interface signals between each and every hardware block in the
Prototype Vehicle System Block Diagram & Mechanization diagram were labeled. For
example, C1 can indicate the set of signals being communicated between the CAN bus
and the Scene Tracking Processor. The individual signals between these two modules
will be designated by C1_1, C1_2, etc. Then, every signal source, destination, type of
harness, bit structure, and other relevant information was tabulated. This approach
allows:
1. Developing a complete record of all signals among different subsystems or
components,
2. Mapping a one-to-one correspondence between each requested signal (by a block)
and its source,
3. Implementing changes with minimal effort

Work Accomplished

The spreadsheet of all information available on the CAN bus has been updated. The
spreadsheet documents the source of the information, the CAN identifiers, byte and bit
layouts, and resolution of the information. The spreadsheet also contains the original
message ID of information sourced from the production Class2 communication bus and
communicated on the CAN bus.

Plans through June 2003
This work is complete and we foresee only minor changes in the future.
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2.4 System Verification (Task A4)

Objectives

The overall objective of the ACAS System Verification Task is to make sure the system
is ready for use by lay subjects in the FOT. This requires verification that the system
satisfies certain minimum performance requirements at the component, subsystem, and
system level. The System Verification Task (Task A4) includes:

1. Definition of the system verification process

2. Supervision of the definition and execution of verification tests at the component
and subsystem level

3. Definition and execution of the verification plan at the system level

Approach
Verification occurs at several levels: component, subsystem, and system.

Component-level verification includes the operation of the ACAS-specific on-board
sensors. These include sensors for vehicle kinematics, environment sensors, and driver
activity sensors.

Subsystem-level verification includes testing the operation of the interfaces between the
subsystems and the functionality of each subsystem. The subsystem designers are
responsible for definition of the test procedures at the component and subsystem level.
The subsystem designers under supervision of the systems engineers will perform
execution of these tests.

System-level verification for the pilot vehicles included subjecting the vehicle to valid
crash alert and nuisance alert scenarios on a test track and driving the vehicle on a
prescribed route in traffic. The systems engineers defined the test procedures and
executed the tests. The scenarios, shown in Table 1, were selected for system-level
verification of the pilot vehicles and are a subset selected from the System Verification
Plan for the Prototype Vehicle. The test number corresponds to the test number used in
the System Verification Plan. Each test was passed using the criteria outlined in the
System Verification Plan.
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Table 1: System-level Test Scenarios
Test # Test Name/Description ACC | FCW
Trials | Trials

1 SV 60 mph to POV Stopped 5
2 SV 50 mph to POV 10 mph 5 5
5 SV 50 mph to POV Stopped on Curve 5 5
6 SV 50 mph to POV 25 mph in a Curve 5
7 SV 60 mph Cut-off by POV 40 mph 5 5
8 SV 45 mph Changes Lanes and Encounters POV Stopped 5
12 SV 50 mph on Curve to POV Braking Moderately Hard from 50 5 5

mph on Curve
15 SV 40 mph to POV Stopping from 40mph 5 5
16 SV 45 mph behind 45 mph POV Changing Lanes to Reveal 5

Stopped POV
17 SV 50 mph Passing POVs 25 mph Around Curve 5 5
22 SV Daytime Public Road Test X* X*
23 SV Following POV on Simulated Open Road 5
24 SV 45 mph POV 45 mph Changes Lanes in front of Accelerating 5

SV
27 SV 50 mph following POV 50 mph Changes Lanes to Reveal 5

POV 50 mph
29 SV 50 mph Throttle Override during Automatic Braking 5
30 SV 50 mph ACC Test with Anti-lock Braking Activated 5

*  Test 22 was performed once, with FCW active throughout. During the test, the ACC
function was engaged on freeways and arterial roads when traffic was light.

System-level verification for the deployment vehicles includes confirmation of the
warning, set/coast, resume, automatic braking, and headway maintenance features of
ACC; the timing and functionality of FCW; and the display and response of the Driver
Vehicle Interface (DVI) in conjunction with ACC and FCW. In addition, each
deployment vehicle is subjected to hundreds of miles of routine driving by both systems
and subsystem engineers.

Work Accomplished

Pilot vehicle verification and demonstration was performed during September 2002.
Summaries were prepared and delivered on the results of the pilot vehicle testing.
Deployment vehicle testing is currently underway and is partially complete.

Corrections were made to the System Verification Plan to improve the test procedures
and eliminate inconsistencies.
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Plans Through June 2003

This task will continue to verify deployment vehicles before they are delivered for use in
the FOT.

2.5 Risk Management Plan (Task AS)

Objectives
The overall objective of the Risk Management Task is to define the hazard analysis and

safety risk management program to be implemented by the Team in the performance of
the ACAS/FOT program.

Work Accomplished
Through December 2002 the primary focus under Subtask A5 was on:

1. Developing the Risk Management Plan
2. Implementing the Risk Management Plan

Using guidelines from Military Standard 882C and SAE J1789, the Risk Management
Plan was completed and delivered to NHTSA in February 2001.

Meetings between the system and subsystems engineers have enabled plans to implement
the Risk Management Plan. Currently, the process of implementing the Risk
Management Plan is still underway.

Plans Through June 2003

The Safety Team’s plan through June 2003 is to complete implementation of the detailed
Risk Management Plan. Simultaneously, team members are reviewing the designs and
testing plans for each subsystem and the systems as a whole with the responsible
engineers to ensure that the Risk Management Plan is properly implemented.
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Figure 6: Task A Schedule
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3 SUBSYSTEM DEVELOPMENT(TASK B)
3.1 Forward Radar (Task B1)

The Forward Looking Radar (FLR) detects and tracks objects in the forward area and
outputs track data to the path and vehicle control functions to support Adaptive Cruise
Control (ACC) and Forward Collision Warning (FCW). The FLR is a narrow beam,
mechanically scanned, frequency modulated continuous wave (FMCW) radar operating
at a frequency of 76.5 GHz (midband). The radar consists of a single transmit/receive
antenna, scan motor, transceiver assembly and Radar Data Processor (RDP).

The Forward Radar Task is divided into four subtasks; Integrated Transceiver/Antenna
(Task B1A), Auto Alignment Algorithm Development (Task B1B), Radome Blockage
Algorithm Development (Task B1C) and Bridge Rejection Algorithm Development
(Task B1D).

3.1.1 Integrated Transceiver/Antenna (Task B1A)

Objectives

The objective of the Integrated Transceiver/Antenna task was to develop a MMIC based
transceiver with integrated antenna needed to meet ultimate cost and producibility
requirements for an automotive forward radar. Prior technology available for a wide field
of view Forward Looking Radar included mechanically scanned designs in which the
transceiver and antenna were mounted on a common base plate and the entire assembly
was then scanned. Environmental and life testing has shown that there are two reliability
concerns with this approach. One is that the thermal path for transceiver heat dissipation
is very high resulting in a large temperature rise between the transceiver case and the
sensor internal ambient temperature. Another is that scanning the transceiver requires a
moving flexible electrical connection for both bias and signal wires. Analysis and test
have shown these factors to be the most significant contributors to sensor reliability.

The goal of this task was development of an integrated transceiver-antenna assembly to
maximize performance and reliability in the FCW application with the necessary small
size, low cost and producibility to introduce an FCW sensor to the marketplace. Specific
antenna design goals include 1.7 deg azimuth beam width and 15 deg field of view. To
meet long term cost and producibility goals, development of a MMIC transciever was
deemed essential.
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Short Summary of Accomplishments Prior to January 2002

As of December 2001, the MMIC based transceiver had been designed. A mechanically
scanned folded reflector antenna has been developed. The antenna consists of a
stationary reflector, a rotatable reflector, and a transmission grating polarizer. The
scanning element (i.e., the rotatable reflector) is a small very lightweight mechanical
piece. The transceiver is hard mounted to the sensor case, providing a much-improved
thermal path and eliminating the moving electrical harness connection. An additional
benefit is that the scanning motor torque requirements are significantly reduced, allowing
for a smaller, quieter, more robust motor design that requires less drive current. This
further reduces the sensor thermal dissipation, and provides more design margin for cold
temperature operation on start-up and high temperature performance during vehicle
operation.

The design incorporates large sections of the ACAS Program’s Gunn-based transceiver in
MMIC components. The sensor housing and electronics were modified to accommodate
the new transceiver-antenna assembly and control electronics. The mechanically scanned,
folded reflector, narrow beam antenna design was complete. Antenna performance
objectives were met and the design was shown to be robust and capable of meeting
environmental requirements. However, the mechanical component costs are still higher
than would be required for production systems, because they are purchased as machined
parts.

A high performance MMIC chipset has been designed and fabricated by Infineon
technologies. The first wafers were completed in May 2000 with over-all good results.
A second iteration was designed to improve the VCO temperature performance and
doubler input VSWR. On-wafer measurements were encouraging. Unfortunately, all
wafers were lost due to a processing error in the Au/Sn bumping operation.

Design and testing of all MMIC transceiver functional blocks was completed. The loss of
the second generation wafers necessitated the use of the initial chipset in the first MMIC
based transceiver. This transceiver was assembled and tested with millimeter-wave
performance equivalent to Gunn based systems

A new set of wafers to replace those lost due to processing error were fabricated using
Infineon’s new 6 inch GaAs production line. On-wafer test results were excellent.

Work Accomplished in 2002

A MMIC transceiver using the first generation chipset has been integrated and tested (as
discussed in Section 2.2). This transceiver has limited operating temperature range. In
December 2001, it was reported that the second-generation (full temperature) MMIC
chips were to be shipped in January 2002. That shipment did not happen due to
continued problems associated with the bump, scribe, and break process that resulted in
loss of the first three wafers processed. The problem was resolved in the February
timeframe and shipment occurred in late April. Additionally, due to business decisions
made by Delphi regarding the H E Microwave LLC, the chip to substrate process and the

14



Automotive Collision Avoidance System Field Operational Test Program
Third Annual Report

substrate to bulkhead mounting needed to be out-sourced. These delays put delivery of
the field test radars at great risk.

Based on the unfortunate and unexpected delays associated with process development,
the overall deployment schedule was in serious jeopardy if MMIC transceivers were to be
implemented. If all outside supplier process development was successful and if no design
turns were required on the microwave substrate, the first MMIC radar would have been
available in September 2002.

In the best interest of the program, it was decided that the deployment radar would use a
Gunn based radar.

The majority of the MMIC objectives were achieved. Design and testing of all MMIC
transceiver functional blocks has been completed. Chip level performance of the second-
generation chipset has been measured and meets all systems requirements. Operation at
elevated automotive temperatures of 105 degrees C has been demonstrated. The chips
have now been successfully solder bumped. The wide band phase lock loop necessary to
meet system noise performance has been verified. The chips themselves are available to
the general industry for use in future systems. The only aspect of the program not
achieved was deployment of the MMICs in the field test hardware.

Gunn based transceivers taken from the production line at HE Microwave were delivered
for the deployment sensors. These transceivers met all FOT program requirements.

3.1.2  Auto Alignment Algorithm Development (Task B1B)

Objectives

The purpose of Auto Alignment Algorithm Development was to develop a radar-based
algorithm to automatically compensate for misalignment of the radar bore sight with the
vehicle direction of travel. Automatic alignment is desired to reduce factory and dealer
installation costs and to ensure proper system performance during vehicle operation.

For acceptable system performance, the antenna bore sight must be accurately aligned to
the vehicle direction of travel. Precise mechanical alignment is time consuming and
expensive to implement in an automotive manufacturing environment and could change
during vehicle operation due to, for example, misalignment of the vehicle suspension.
Furthermore, precise alignment may not be practical at dealerships expected to perform
service replacement of radar sensors.

The objective was to develop an automatic alignment algorithm in the radar software to
continuously estimate the misalignment of the radar bore sight relative to the vehicle
direction of travel and to correct the radar angle data to compensate for the estimated
misalignment. Based on error budget analyses and road testing, an auto alignment
accuracy goal of +/- 0.25 deg was established. Furthermore, the algorithm was to be
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sufficiently responsive to perform initial radar alignment in about 10 to 15 minutes (e.g.,
after service replacement of the radar sensor) and, thereafter, to track slow changes in
alignment during vehicle operation. Note, the radar design also incorporates an
electronic alignment function by which the initial (or subsequent) alignment can be
quickly performed given an alignment station with corner reflector placed on the vehicle
centerline.

Approach

The auto alignment algorithm developed is a Delphi patented technique whereby the
radar software processes detected targets of opportunity to estimate the misalignment
angle. As shown in Figure 7 below, the trajectory of a target in radar X’, y’ coordinates is
linear assuming non-zero range rate and constant lateral offset (d). Furthermore, the
angle of the trajectory relative to the y’ axis corresponds to the misalignment angle of the
radar bore sight relative to the vehicle direction of travel.

In essence, the auto alignment algorithm performs a least squares fit to the target
trajectory to solve for the misalignment angle. The implementation is limited to stopped
objects since these objects cannot change their lateral offset. Host vehicle speed and yaw
rate are used to compensate for lateral movement of the host vehicle. In effect, this
compensation corrects for host vehicle motion on curves and during lane changes or lane
wander to “linearize” the target trajectory. Otherwise, the auto alignment process would
be limited to straight road sections and constant lane position for the host vehicle and
would incur additional error for small deviations from these assumptions.
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Figure 7 Auto Alignment Geometry

Short Summary of Accomplishments Prior to January 2002

The auto alignment algorithm was evaluated via extensive road testing in a variety of
city, secondary road and freeway environments. To test convergence time, a series of
tests were performed in which the radar sensor was intentionally misaligned by a known
amount and was then operated in a variety of roadway environments. Many hours of
road testing were also performed to establish the steady state performance of the
algorithm. Furthermore, the algori